We report on the kinetics of the inner ring in the exciton emission pattern. The formation time of the inner ring following the onset of the laser excitation is found to be about 30 ns. The inner ring was also found to disappear within 4 ns after the laser termination. The latter process is accompanied by a jump in the photoluminescence (PL) intensity. The spatial dependence of the PL-jump indicates that the excitons outside of the region of laser excitation, including the inner ring region, are efficiently cooled to the lattice temperature even during the laser excitation. The ring formation and disappearance are explained in terms of exciton transport and cooling.
INTRODUCTION
An indirect exciton is a bound pair of an electron and a hole confined in spatially separated layers. It can be realized in coupled quantum well (CQW) structures. The reduction of the overlap of the electron and hole wavefunctions, when they are separated into neighboring quantum wells, results in a large enhancement of the lifetime of indirect excitons comparing to that of regular direct excitons in a single quantum well. This increase in lifetime allows the indirect excitons to travel large distances [1, 2, 3, 4, 5, 6, 7, 8, 9] , and to cool down to temperatures T well below the onset of quantum degeneracy that occurs at T T dB = (2π 2 n x )/(M x gk B ) 3 K for the density per spin state n x /g = 10 10 cm −2 [10] (in the CQWs studied the exciton translational mass is M x 0.22 m 0 and the spin degeneracy factor is g = 4). Furthermore, the built-in dipole moment of an indirect exciton e·d allows control of exciton transport by electrode voltages [1, 7, 11, 12, 13] (d is the separation between the electron and hole layers). The combination of long lifetime, large transport distance, efficient cooling, and an ability to control exciton transport makes the indirect excitons a model system for the investigation of in-plane transport of quasi-two-dimensional (quasi-2D) cold Bose gases in solid state materials.
Studies of indirect excitons in CQWs has lead to the finding of a number of phenomena including exciton pattern formation, a review of which can be found in [14] . The features of the exciton emission pattern include the inner ring [4, 6] , external ring [4, 15, 16, 17, 18, 19] , localized bright spots [4, 16, 20, 21, 22] , and macroscopically ordered exciton state [4, 16, 23, 24] . In the regular excitation scheme, where excitons are generated in a micron scale focused laser excitation spot, the inner ring forms around the excitation spot. It was discussed in terms of the cooling of indirect excitons during their propagation away from the excitation spot [4, 6] . However, to date, measurements of the spatial kinetics of the inner ring were unavailable. In this paper, we present studies of the spatially and spectrally resolved kinetics of the exciton inner ring. The results show that the exciton inner ring forms and reaches a steady state within the first few tens of nanoseconds of laser excitation, and also disappears within a few nanoseconds after the laser termination.
The spatially-temporal behavior of the inner ring is modelled in terms of in-plane exciton transport and cooling towards the phonon bath (cryostat) temperature.
In Sec. II, we describe the experimental data and compare them with numerical simu-lations of the kinetics of the inner ring in the exciton emission pattern. In Sec. III, a model of in-plane transport, thermalization, and photoluminescence (PL) of indirect excitons is presented. In Sec. IV, we discuss the results. A short summary of the work is given in Sec. V.
EXPERIMENTAL DATA AND NUMERICAL SIMULATIONS
The measurements were performed using time-resolved imaging with 4 ns timeresolution and 2 µm spatial resolution. Excitons were photogenerated by a pulsed laser at 635 nm with pulse duration of 500 ns and edge sharpness of < 1 ns, operating with a period of 1 µs. The period and duty cycle were chosen such that the photoluminesence pattern of indirect excitons was able to reach equilibrium during the laser excitation and to allow for complete decay of the PL of indirect excitons between laser pulses. The laser is focused to a 10 µm full width half maximum (FWHM) excitation spot on the CQW sample. The excitation density P ex was chosen to be below that at which the external ring appears in the emission pattern [4] . A nitrogen-cooled charge coupled device camera (CCD) coupled to a PicoStar HR TauTec intensifier with a time-integration window of δt = 4 ns was used to acquire spectral Energy-y PL images at varied delay time t. The The CQW structure used in these experiments contains two 8 nm GaAs QWs separated by a 4 nm Al 0.33 Ga 0.67 As barrier. The sample was grown by molecular beam epitaxy (details on the CQW structures can be found in Ref. [4] ). The effective spacing between the electron and hole layers is given by d = 11.5 nm [25] . The laser is focused to a 10 µm full width half maximum (FWHM) excitation spot on the CQW sample.
at the sides of this stripe beyond the excitation spot, due to the exciton transport. The emission energy drops with increasing distance from the origin r (see Fig. 1 ). The drop in energy with increasing r corresponds to a decrease in density, as detailed in [6] where the inner ring was studied without time resolution. At early times, when the indirect exciton signal is small, the bulk emission, consisting of the central bright stripe, dominates [see Fig. 1 (a) ]. After sufficient time, the exciton inner ring becomes apparent by the presence of a dip in the PL of indirect excitons within the region of laser excitation at the center of the exciton cloud. It is worth noting that the decrease in the exciton PL does not correspond to a dip in the exciton density, which has its maximum at the center of the laser excitation spot (see Fig. 1 ).
The kinetics presented in Fig. 2 The model is detailed in Section III.
These results demonstrate that within few tens of ns the excitons are able to propagate tens of microns away from the generation region. The large-scale transport is indicative that excitons are capable to screen effectively the disorder potential intrinsic to the quantum wells, leading to enhanced drift and diffusion [26] . This is consistent with the exciton diffusion coefficient D x evaluated with the thermionic model and plotted in Fig 
are optically active [27, 28, 29] , with E x the exciton energy and ε b the background dielectric constant. The excitons traveling away from the excitation spot cool down towards the lattice temperature. This results in the increase of the occupation of the radiative zone, giving rise to an increase of the emission intensity and therefore leading to the formation of the PL ring. The underlying physics is further illustrated in Fig. 5 , where numerical Both the excitation and emission patterns (a laser excitation spot and a PL-ring around the excitation spot, which develops at large delay times), studied in the present work, correspond to the geometry inverted comparing to that used for the optically induced traps (a ring-shaped laser excitation and a PL pattern concentrated at the center of the excitation ring, which builds up at large delay times) [30] . The kinetics of the inner PL-ring and the optically induced trap are quantitatively consistent with each other.
MODEL
A set of coupled nonlinear differential equations we use in order to model transport, thermalization, and photoluminescence of indirect excitons is given by 
Equations (1)- (3) describe in-plane profiles of the density n x = n x (r, t), effective temperature T = T(r, t) and signal PL intensity I sig PL = I sig PL (r, t) of indirect excitons.
In the drift-diffusion Eq. (2) for in-plane transport of the particles [26] , D x , µ x , Γ opt , and [32] . Here, τ sc = (π 2 4 ρ)/(D 2 dp
is the characteristic energy of the longitudinal acoustic (LA) phonon assisted thermalization at low temperatures, v LA is the velocity of long-wave-length LA phonons, ρ is the crystal density, and D dp = D c − D v is the deformation potential of exciton -LA-phonon interaction. The form-factor F z (a ε(ε − 1)) refers to a rigid-wall confinement potential of quantum wells, where a = (d QW M x v LA )/ with d QW the quantum well thickness and ε = E/E 0 the normalized single-particle kinetic energy of excitons. The terms S pump and S opt on the r.h.s. of Eq. (2), which are detailed in Ref. [33] , deal with heating of indirect excitons by the laser pulse and recombination heating or cooling of the particles. The laser-induced heating is given by
where
Λ (x) (r, t) and E inc k B T b is an average kinetic energy of high-energy indirect excitons injected into the CQW structure by means of photocarriers.
The latter are generated in the GaAs and AlGaAs layers by the laser pulse. The term S opt , which takes into account a contribution from the "optical evaporation" of low-energy indirect excitons to the total energy balance [33] , is determined by
Here, the energy rate Γ E opt , due to the optical decay, is given by
In Eqs. (4) and (5), the parameters I 1,2 = I 1,2 (T dB /T) are Both Γ sig opt and Γ opt are inversely proportional to the intrinsic radiative lifetime τ R of the exciton ground-state with zero in-plane momentum.
In order to evaluate the random drift term µ x n x ∇(U QW ) on the r.h.s. of the drift-diffusion Eq. (1), we implement a thermionic model [6, 26] . In this approach, the influence of disorder is approximately taken into account by using the disorder-dependent effective diffusion coefficient:
where D
x is the input diffusion coefficient in the absence of CQW disorder, and U (0) /2 = |U rand (r) − U rand (r) | is the amplitude of the disorder potential. Equation (7) describes the temperature and density dependent screening of the long-range-correlated disorder potential U QW = U rand (r) by dipole-dipole interacting indirect excitons. The vanishing screening at the external edge of the inner PL ring, due to reducing exciton density, leads to a strong suppression of the exciton propagation away from the excitation spot and, as a result, to the sharp contrast of the ring [6] .
There are two main features in our present numerical simulations comparing to those reported earlier [6] In order to express Λ (x) via the generation rate Λ (0) of free electron -hole pairs, which are photoexcited in the cladding AlGaAs layers and captured by the GaAs CQW structure, we implement the quantum mass action law (QMAL). According to the QMAL, a total number of electron-hole pairs is distributed among the bound (exciton) and unbound states. For quasi-2D indirect excitons, the QMAL reads as [22, 34] 
where x is the (indirect) exciton binding energy, and the electron (hole) quantum degeneracy temperature is given by k B T e(h) dB = [(π 2 )/m e(h) ]n e(h) with m e(h) and n e(h) the electron (hole) mass and concentration, respectively. Equation (8) characterizes a quasi-equilibrium balance between n x and n e = n h . A typical time τ QMAL needed to quasi-equilibrate the system of electrons, holes and indirect excitons is comparable to that of binding of photoexcited electrons and holes in excitons. The latter one is about 10 − 30 ps for n x 10 10 cm −2 and helium temperatures [35, 36, 37, 38, 39] . Because τ QMAL is much less than the characteristic times of the thermalization and transport processes, τ th ∼ 0.1 ns and τ diff ∼ 1 ns, the use of the QMAL is justified. For the case T e(h) dB T, relevant to the experiment, Eq. (8) yields:
Note that in Eq. (9) the degeneracy temperature T dB is proportional to the accumulated density of indirect excitons, n x = n x (r, t). According to numerical evaluations of Eq. ( (9) adapted to the experimental conditions, apart from the first few hundred picoseconds after the onset of the laser excitation, when T 10 K and n x 10 9 cm −2 , one has n x n e(h) , see a polar coordinate system is used and the condition invokes that none of the quantities modelled have any angular dependence. According to the spatial profile of the laser pulse, we assume that the generation rate Λ (0) is given by the Gaussian:
with r 0 the radius of the excitation spot [r 0 = FWHM/(2 √ ln 2) = 5.8 µm]. The temporal shape of the rectangular laser pulse with the Gaussian edges is modelled by
for t ≤ t 0 = 0.6 ns,Λ (0) for t 0 ≤ t ≤ τ pulse = 500 ns, 2 ] for t ≥ τ pulse , and σ = 15.3 ns −2 .
An explicit finite difference scheme (EFDS) is used to integrate the drift-diffusion Eq. (1), the only one differential equation among Eqs. (1)- (3) that includes both derivatives, with respect to t and r. In numerical simulations, the time and radial coordinate steps are chosen to be ∆t = 6.25 ps and ∆r = 1 µm, respectively. In this case the dimensionless parameter = n x (r = 0, t = τ pulse ), which, in turn, can be evaluated from the blue shift of the PL line. The average energy of incoming, hot indirect excitons, E inc , governs the contrast of the PL-jump. The in-put diffusion coefficient
x determines the time-dependent radius of the inner PL ring. Finally, the amplitude U 0 of the long-range-correlated disorder potential is responsible for the spatial pinning of the PL signal at ring edges. Note that the above values of the control parameters are consistent with those used in our previous simulations for the steady-state inner ring [6] and laser-induced traps [30, 40] studied for the same CQW structures. Table I lists the inferred values of the control parameters as well as the known values, the basic parameters, and the parameters of the model.
The model includes the nonclassical, quantum-statistical effects in the description of the transport, thermalization and optical decay of indirect excitons: Equations (1)- (6) and (8)- (9) explicitly depends upon T dB . However, the quantum corrections are rather minor, due to relatively weak laser excitations used in the experiment. The quantum effects are not required for the inner ring or the PL-jump formation. Both are classical D dp 8.8 eV
phenomena associated with the exciton cooling when they travel away from the excitation spot (in the case of the inner ring) or when the excitation pulse is terminated (in the case of the PL jump). However, the quantum degeneracy effects become essential for the dynamics and contrast of the inner PL ring and PL-jump, if smaller bath temperatures or higher excitation powers are used [6, 10, 30] . For instance, bosonic stimulation of exciton scattering can lead to the enhancement of the exciton scattering rate to the low-energy optically active states with increasing exciton concentration as described in Ref. [10] .
Note that a ring in the emission pattern can form both in an exciton system [4, 6] and in an electron-hole plasma (EHP) [42] . In both cases the requirements for the ring formation in the emission pattern include the long lifetime of the carriers, which allows transport over substantial distances, and cooling of the carriers during their transport away from the excitation spot, which leads to the increase of the emission intensity. However, the exciton system can be distinguished from EHP by the emission linewidth. For a neutral quasi-2D EHP, the emission linewidth should be about the sum of the electron and hole and inhomogeneous broadening and is typically below 2 meV in the CQW structures for the investigated range of densities [12] . The small emission linewidth 2 meV, which is characteristic for the inner ring reported in Refs. [4, 6, 42] , and in the present paper,
indicates that in all these experiments the inner PL ring forms in an exciton system rather than in EHP.
SUMMARY
In summary, we studied kinetics of the inner ring in the exciton emission pattern. The formation time of the inner ring following the onset of the laser excitation is found to be about 30 ns. The inner ring was also found to disappear within 4 ns after the laser termination. The latter process is accompanied by a jump in the PL intensity. The spatial dependence of the PL-jump indicates that the excitons outside of the region of laser excitation, including the inner ring region, are efficiently cooled to the lattice temperature even during the laser excitation. The ring formation and disappearance are explained in terms of exciton transport and cooling.
